The liquid structure of the archetypal Deep Eutectic Solvent (DES) reline, a 1 : 2 molar mixture of choline chloride and urea, has been determined at 303 K. This is the first reported liquid-phase neutron diffraction experiment on a cholinium DES. H/D isotopic substitution is used to obtain differential neutron scattering cross sections, and an Empirical Potential Structure Refinement (EPSR) model is fitted to the experimental data. Radial distribution functions (RDFs) derived from EPSR reveal the presence of the anticipated hydrogen bonding network within the liquid, with significant ordering interactions not only between urea and chloride, but between all DES components. Spatial density functions (SDFs) are used to map the 3D structure of the solvent. Interestingly, choline is found to contribute strongly to this bonding network via the hydroxyl group, giving rise to a radially layered structure with ordering between all species. The void size distribution function calculated for reline suggests that the holes present within DESs are far smaller than previously suggested by hole theory. These observations have important implications in the future development of these 'designer solvents'.
Introduction
Deep Eutectic Solvents (DESs) are a sub-category of ionic liquids (ILs), first reported in 2001 by Abbott et al. 1 Unlike the binary ion pairing defining classic IL structure, DESs are made by the complexation of a hydrogen bond-capable salt (frequently ammonium halides) with a neutral hydrogen bond donor species (HBD). 2 The term 'Deep Eutectic Solvent' hails from the low glass transition temperature at a specific molar ratio of salt to HBD. 3, 4 ILs and DESs share common benefits such as low vapour pressure and a tuneable, designer nature; 5 like ILs, over 10 6 DESs are hypothesized to exist. 6 The additional component in DES formulations permits fine-tuning of physicochemical properties. For example, the solvent hydrophobicity can be varied, 7 and the compatibility of many DESs with H 2 O can make systems more tractable whilst preserving the hypothesized supramolecular structure (≤50 wt% H 2 O). 8 The most
widely-studied DES to date is the 1 : 2 choline chloride : urea Type III DES, also known as reline and amongst the first to be reported. 9 Reline is a tractable room temperature ionic mixture with facile preparation from cheap, naturally-occurring and readily-available precursors, 10 making reline a biodegradable, bactericidal, non-cytotoxic designer solvent. 11, 12 The primary application of DESs thus far has been as metal electrodeposition agents. 13 DESs have also been applied as environmentally-friendly alternatives to molecular solvents in synthesis, 14 particularly metal-catalysed reactions, 15 and the synthesis of functional nanomaterials. 16 DESs have also found green applications in extraction and separation, such as in the purification of biodiesel, 17 and CO 2 sequestration. 18 DESs are one of the few nonaqueous solvent systems capable of supporting spontaneous self-assembly of anionic, 19 cationic, 20 and phospholipid-based amphiphiles. 21 It has also been hypothesised that glass-forming natural DESs (NADESs) act as plant cryoprotectants. 22 The key physical driving force for the formation of DESs is generally attributed to charge delocalization between the anion and HBD upon mixing as a result of the formation of hydrogen bonds. 23 This assertion is mainly experimentally supported spectroscopically; HOESY NMR experiments by Abbott et al. revealed a correlation between urea and fluoride in a choline fluoride DES. 4 The presence of hydrogen bonds in various alcoholic and carboxylic NADESs was shown in NOESY NMR and FT-IR experiments by Dai et al. 8, 24 To date and despite significant interest, no experimental technique has therefore been applied to DESs that is able to fully probe the phenomena driving DES formation and structuring, as has been extensively studied previously in ILs. 31 Methods applied so far are either indirect (such as NMR) with substantial interpretation of dynamic intermolecular interactions, or involve doping with an additive that impacts upon the solvent structure, or are solely computational approaches. [32] [33] [34] [35] Wide Q-range neutron diffraction is a wellestablished method for directly measuring the structure of a disordered material. 36 In this paper, we present experimental neutron diffraction data of four H/D isotopic contrasts of the DES reline. The structure of the DES is resolved using a reverse modelling protocol, generating 3D configurations commensurate with the measured diffractograms and known physical parameters. We therefore report a complete experimental account of the interactions governing the unique properties of the reline DES, including their geometry and length scale.
Experimental

Preparation of isotopically substituted DES
Hydrogenated choline chloride (≥98%) and urea (≥99%) were purchased from Sigma-Aldrich and used without further purification. d 4 Experimental data analysis is achieved using GudrunN, an analysis suite based on the ATLAS software package that is designed to correct raw neutron total scattering data. 37 The sample environment background is subtracted and the data normalized to yield differential scattering cross sections that are consistent with the sample isotopic compositions. The inelastic scattering of hydrogen is then subtracted to form merged interference differential scattering cross section datasets that are amenable to analysis using empirical potential structure refinement (EPSR). 38 Details on the EPSR procedure are provided in the ESI, † and the assigned bond lengths and atom types are described in Table 1 . 
Results and discussion
Fits to the data Inspection of the experimental diffraction patterns shown in Fig. 1 alongside their EPSR fits reveals that the EPSR model has been able to equilibrate to the experimental data very closely, and transforming the data into r-space further demonstrates the quality of this fit. EPSR calculates a value indicating the quality of fit called the R-factor, where a low R-factor means a better fit. The mean R-factor value over the approximately 4000 iterations accumulated over the refinement procedure was 0.029, a comparatively low value indicating that the EPSR model is as objectively representative of the experimental data as it is possible for it to be. 39 It is noted that the major source of dis-
, which is the region affected by the inelastic scattering of light hydrogen. It was not possible to obtain perdeuterated choline chloride, and so the disagreement here between model and experimental data for all isotopic contrasts can be attributed to slight over-or under-subtraction of the substantial wavevector-dependent inelastic scattering background that light hydrogen produces. This is a known issue in the analysis of data from neutron scattering experiments.
40,41
Reline radial distribution functions In previous, similar studies on the structure of conventional 1,3-dialkylimidazolium ILs, the generalized structure comprises each individual ion being solvated by a shell of 7 gegenions. 42, 43 For reline, we find each choline cation solvated by a
shell of approximately 7 other choline cations (intermolecular coordination numbers are shown in Table 2 ). In the RDF for a typical binary imidazolium-based IL, one would therefore expect to see progressive out-of-phase ion distributions around one another. In the DES system this feature is not seen quite so sharply. There is a clear first feature in the RDF between urea and chloride at 4 Å, which also shows a second peak at 8 Å correlating with a second solvation shell. However, the RDFs for urea-urea and choline-chloride also contribute to the close-range ordering at 4 Å, and the urea-urea RDF has a similar second shell to the urea-chloride RDF at 8 Å. Because these RDFs are derived from the molecular centre of mass, this falls on a length scale commensurate with hydrogen bonds between all of these species. The determined RDF between urea and chloride tends to agree with prior MD work on reline, but due to the manner in which the authors present their data it is almost impossible to draw further meaningful comparisons with other RDFs, other than the observation that the pure MD data appear relatively over-structured. 35 The RDF for choline-chloride has a distinct shoulder at 5 Å, which implies a second major interaction between choline and chloride that is at a slightly greater length scale than the hydrogen bonding interactions. The alternating oscillation in the structuring between RDFs can be observed in the case of the choline-choline RDF, which shows a major correlation at 6 Å. A broad correlation is also observed between choline and urea, at 4 Å to 6 Å. The length scale of interactions in DESs are generally 1 Å shorter than those found in imidazolium-based ILs 31 and mixtures of glucose with imidazolium ILs, which
show glucose-ion correlations at 5 Å rather than 4 Å in the DES. 44 The close-range interactions in the DES suggests that at the high 2 : 1 ratio of HBD : salt, the structure of reline is driven and dominated by the HBD, rather than the HBD being accommodated with only minor effects, as is the case for ILs at lower HBD : salt ratios. The insight from these molecular RDFs must therefore be that DESs and ILs share a similar structure of concentric solvation shells, but in the DES this structure is more convoluted than ILs, having a strong close-range interaction with contributions from both choline and urea with chloride, and between separate urea molecules. This implies that rather than the radial, differentially charged solvation shells found in ILs, in this DES a complex structure is formed, driven by hydrogen bonding interactions. The existence of such a structure would allow reline to be stoichiometric and charge-balanced at a localized level due to the presence of the neutral urea molecules, and is complementary to charge delocalization being the main driving force behind DES formation, 45, 46 whilst also in agreement with prior DFT results for reline. 32 This also explains the unusually high stability of proteins in DESs. 47 
Partial radial distribution functions
Partial (site-site) RDFs between all different atom types that are used in the EPSR simulation give more insight into specific structuring. In the case of reline there are 120 such partial RDFs, many of which provide limited information. The RDFs best describing the structuring within reline are plotted in Fig. 3 , and a complete set of RDFs is supplied in the ESI. † The partial RDFs between the two different hydrogen environments of the urea molecule with chloride (Fig. 3a) show a significant first correlation at approximately 2.2 Å. Interestingly, the magnitude of this interaction is significantly stronger for the HU1 hydrogens, which are the two hydrogen atoms furthest from the central axis of the urea molecule. This indicates a preference for urea to form hydrogen bonds with chloride in this direction, perhaps allowing the molecule to orient itself in a configuration that maximizes the interaction energy of its components with other atom types. The second coordination peak of HU1 and HU2 with chloride at ∼4 Å shows a slight preference for HU2, which is a secondary feature from a hydrogen bond that has been formed by HU1 with a chloride. Indeed, the mean coordination number of HU1 (1.73, shown in Table 3 ) is significantly higher than that of HU2 (1.25) about chloride, demonstrating this preferential orientation. On average, each chloride is coordinated by 4 urea nitrogen atoms at a radius of 3.15 Å. The length scale of the interactions of chloride with urea, particularly HU1 and HU2, prove that urea forms relatively strong hydrogen bonds with chloride as previously hypothesized, at an average coordination of two urea molecules per chloride. The RDFs between choline and chloride demonstrate a significant level of ordering (Fig. 3b) . Particularly, the hydroxyl hydrogen of choline has an intense correlation peak at ∼2.1 Å, which shows that choline is participating in strong hydrogen bonding with chloride as the most preferential interaction with 0.7 chlorides coordinated on average. The RDFs of chloride around the other hydrogen atoms of choline show lower hydrogen-bonding with a first correlation at approximately 3 Å, which is the likely cause of the 5 Å shoulder in the cholinechloride RDF. Subsequent features in these other hydrogen RDFs between 4 Å-7 Å show the less-preferred configurations where the chloride is not bound to the hydroxyl group. These RDFs all show very similar structuring, and there is no clear difference between any particular hydrogen sites in terms of chloride coordination number, indicating little preference for chloride to interact with any hydrogen atom other than the strongly hydrogen-bonding hydroxyl group. The free rotation of the hydroxyl group permits many strongly preferred configurations of chloride around choline.
The RDFs describing the orientation of urea around choline show a generally sparse set of interactions (Fig. 3c) , with the strongest interaction between the hydroxyl choline hydrogen with the nitrogen of urea at ∼2 Å, and a mean coordination number of 2 over this radius, giving one urea that is associated with the hydroxyl group. This can be rationalized by strong hydrogen bonding, with exchange occurring between the hydroxyl moiety of choline and NU atoms of urea, in addition to secondary structuring effects from the more favourable interactions of urea with atom types such as chloride. The small correlation at 2.4 Å between the urea oxygen atom and the various non-hydroxyl hydrogens of choline shows that the hydrogen bonding for the hydrocarbon chain and methyl hydrogen atoms is relatively weak. This is supported by the relatively low coordination numbers of urea around the moieties of choline other than the hydroxyl group; the second urea molecule around choline is associated weakly between these groups.
The interactions seen between like choline molecules are generally relatively weak and over a longer length scale (Fig. 3d) . The most distinct interaction is between like N atoms, with a peak centred at 6 Å and a mean coordination number of 3.4 at this distance. The RDFs between N-OH and N-HOH are similar, but with a slight weighting towards the N-OH correlation. There is therefore no specific preference towards the N correlation with the hydroxyl hydrogen over the hydroxyl oxygen, which rules out inter-choline bridging by chloride bonding. Interestingly, the RDF between N and C2N is approximately 1.3 Å further than the N-COH RDF. Because the C2N carbon atom is closer to the N atom than COH, this means that the ∼7 choline molecules in the solvation shell at 6 Å radius from the central choline are significantly more likely to be oriented with their hydroxyl group pointing in the opposite direction to that of the central choline molecule, which is further confirmed by the hydroxyl partial RDFs main correlation occurring even closer to the N group, and higher coordination numbers for the closer atom types. It is possible that this structural solution most effectively distributes the balance of charge.
There is clear structuring occurring between separate urea molecules (Fig. 3e) . Particularly, it seems that a strong hydrogen bond is formed between urea hydrogen atoms and urea oxygen atoms, as may be expected from their electronegativity difference. The HU2 proton shows much stronger structuring with urea at closer range, coordinating 2.3 OU atoms at 2.2 Å. The RDF between the OU and NU atom types has a sharp feature at 2.8 Å, showing the compound of urea hydrogen bonding with urea oxygen atoms. The urea self-correlation function in reline is of the same length scale as that which is observed for urea in water at high concentrations. 48 Some inter-urea exchange can be inferred from the high coordination numbers of HU1 and HU2 around NU, demonstrating that the solvent structure also permits urea clusters as a secondary structure, again perhaps with a charge balancing function. Clustering of the HBD species in this manner was observed in previous similar experiments of eutectic mixtures of glucose with imidazolium ionic liquids. 44 
Spatial density functions
Each chloride, therefore, is solvated by an average of two urea molecules, hydrogen bonded at a distance of 2.2 Å. Every urea molecule is associated with several other urea molecules via urea-urea hydrogen bonding at between 2 Å-3 Å. Each chloride is also strongly associated with one choline molecule mostly via hydrogen bonding with the hydroxyl group, at a distance of 2.2 Å. Finally, each choline is solvated by a shell of 7 other choline molecules, each 6 Å from the origin and likely oriented in opposite directions. A spatial density function (SDF) tracks the distribution of molecular centres in 3D. A set of SDFs for reline may be seen in Fig. 4 . To determine these SDFs, the molecular centre of urea was defined as the CU atom, and the centre of choline was taken as the midpoint of atom types N, C2N and COH. The SDF of chloride around urea shows very clearly a tightly focused distribution of chloride around the hydrogen bonddonating hydrogen atoms of urea, confirming the strong hydrogen bonding between these species, as was demonstrated previously. The SDF plot of choline around urea shows that the interaction between these two species is not predominantly hydrogen bond driven, with choline molecules more likely to be found radially around the CvO axis of urea. Adopting this configuration allows choline to form very strong hydrogen bonds with chloride via its hydroxyl proton, whilst maximizing its interaction energy by also forming weak hydrogen bond interactions with electronegative urea atoms. At the same time, urea is able to coordinate chloride with strong hydrogen bonds. This forms a complementary shell of choline around urea and chloride. A second urea molecule is also able to participate in further hydrogen bonding with the chloride ion that is centred on a first urea, whilst itself interacting with the same choline. This second urea molecule is small enough to be able to occupy a space that cannot be occupied by the bulky choline cation.
The chloride SDFs centred about choline show that there is a high level of order around choline. However, even at the high probability level selected, plotting the most likely 7.5% portion of the spatial density function, the isosurfaces are relatively large, indicating that there are many available structural conformations that are preferable. It can be seen that chloride is associated most strongly in a circular band around the free rotor hydroxyl group, with which it forms strong hydrogen bonds. In addition to this, the 'shoulder' in the choline-chloride RDF at 5 Å can be seen as a second chloride surface at the ammonium moiety of choline. Chloride is the closest species around choline, and is strongly associated with urea. Again, urea is ordered around choline but with many possible conformations. It can be observed that the urea and choline molecules work synergistically to sandwich the chloride ion with hydrogen bonding forces whilst maximizing their interaction energy with one another. Radially further still can be seen the choline solvation shell about choline, which is most strongly associated with the urea shell. This demonstrates how the separate components of DESs form a radially layered sandwich structure, allowing for the best distribution of charge between each component.
It appears that at the eutectic point, the molar ratio of urea and choline is such that the intermolecular hydrogen bonding forces between these two species and chloride becomes balanced, and chloride is therefore strongly affiliated with both species in a sandwich structure. This ability to form strong hydrogen bonds and therefore generate significant intermolecular order, whilst maintaining a sufficient quantity of separate favourable interactions such that the mixture is frustrated from crystallization, can therefore be viewed as the geometric driving force for the formation of the deep eutectic mixture. This is complementary to the argument that charge delocalization causes DES formation, as clearly the ability of urea to delocalize charge drives the formation of the interspecies hydrogen bonds that give rise to the sandwich structure where each chloride is strongly associated with one choline and two urea molecules, as has previously been predicted by DFT. 32 It is interesting that the ordering observed around choline is so strong. Although a few studies to date have hinted at a set of complex interactions between all of the components of the DES, 27, 30 most attribute the effect solely to the HBD. However, choline appears to be a relatively special case in forming DESs, with its ability to participate strongly in hydrogen bonding whilst also frustrating crystallization with its bulky, anisotropic structure.
Hole theory
Traditionally, the differential ionic mobilities in DESs have been rationalized using hole theory, 25 and this model has been applied successfully in the prediction of physicochemical properties of DESs such as conductivity. 30 This is achieved by considering the liquid as an ionic lattice with a given number of vacancies, where this void concentration and size is determined from the properties of the liquid including its surface tension. Diffusivity is obtained by comparing the radius of an available void space with the hydrodynamic radius of a diffusing species, which then performs a diffusional 'jump' into this void space. 49, 50 Using surface tension data, it was determined that the DES reline has a Gaussian distribution of hole sizes centred at a radius of 2 Å, with 9.1% free space in the liquid and a mean activation barrier for diffusion of 58 kJ mol −1 . 51 EPSR was used to determine the void radial distribution function (VDF) within the DES, which can be seen in Fig. 5 . The VOIDS routine translates the simulation box into pixels, and either assigns these pixels as occupied or empty, depending on whether or not there are any atoms within the specified radius. VDFs were calculated for representative radii of 1.8, 2.0 and 2.2 Å. An exponentially decaying void distribution is observed with the VDFs beginning at a radius of 0.3 Å. The rise in void density at short radii is due to void pixels being more likely to be adjacent to a high density of void pixels than at longer distances. Voids of radius 2 Å are found with a mean occurrence of 1.3 per simulation box, giving a 2 Å void fraction of 0.061%, which is an order of magnitude smaller than the 0.763% previously calculated. This may explain the predicted reline viscosity being low by a similar magnitude (11 cP calculated, 169 cP experimental at 40°C) from hole theory. 51 If there are density fluctuations in the model, as would be observed for spherical voids of 4 Å diameter, the VDF would show oscillating structures, but this is not observed for reline, showing that the liquid mixture is homogeneous even at molecular length scales. Despite being a useful tool for prediction of DES properties, our EPSR model suggests that the void size distribution from hole theory may therefore not be true in the case of reline, and we suggest that the existence of spherical 4 Å diameter holes in this DES is unlikely when considering the strength of the intermolecular interactions.
Conclusions
Wide Q-range neutron diffraction measurements of isotopically-substituted samples of the deep eutectic solvent reline have been interpreted using EPSR modelling to generate, for the first time, an experimentally-validated atomistic configuration of this increasingly popular liquid.
We have found that the DES reline does indeed have a strong and complex hydrogen-bonding network between species, but this study builds upon previous works by showing the precise nature of this previously-hypothesized structuring. A significant correlation between the hydrogen bond donor molecule urea and the chloride anion, as had previously been shown by NMR experiments, is shown to be a strong hydrogen bonding interaction. Importantly, we also find that choline interacts very strongly with chloride by hydrogen bonding. This leads to the formation of a complex ion as a most likely 3D configuration, involving one choline, one chloride and two urea molecules. This structure is stabilized by the complementary hydrogen bond formation of choline and urea with chloride, and further by other favourable weak hydrogen bonds that are formed between the different molecules. This set of interactions causes the formation of a radially layered sandwich structure where choline and urea work synergistically to bond with chloride whilst maximizing their own weaker interaction. This sandwich structure can also be visualized as a chargedelocalized, locally stoichiometric cage centred on chloride. The delicate balance of strong forces between all species is sufficient to prevent the crystallization of the mixture at room temperature, thereby accounting for the deep eutectic behaviour of reline.
The information regarding DES structure that has been elucidated in this study will no doubt be able to aid in the informed design of DESs in the future as well as promoting understanding of the properties of the current selection of DESs, hopefully enabling a generation of designer solvents that are 'green, and finally green enough'.
